e studied the stabilising effect of prosthetic replacement of the radial head and repair of the medial collateral ligament (MCL) after excision of the radial head and section of the MCL in five cadaver elbows. Division of the MCL increased valgus angulation (mean 3.9 ± 1.5˚) and internal rotatory laxity (mean 5.3 ± 2.0˚). Subsequent excision of the radial head allowed additional valgus (mean 11.1 ± 7.3˚) and internal rotatory laxity (mean 5.7 ± 3.9˚). Isolated replacement of the radial head reduced valgus laxity to the level before excision of the head, while internal rotatory laxity was still greater (2.8 ± 2.1˚). Isolated repair of the MCL corrected internal rotatory laxity, but a slight increase in valgus laxity remained (mean 0.7 ± 0.6˚). Combined replacement of the head and repair of the MCL restored stability completely.
Fracture of the radial head is a common injury, which accounts for approximately one-third of all fractures involving the elbow. 1, 2 In some cases the radial head is comminuted and internal fixation may not be feasible. 1, 2 Simple W excision of the radial head has been used for many years, but although there has been concern based on the possible role of the radial head as a buttress against a valgus load on the elbow, experimental studies have shown that excision does not affect valgus stability in the otherwise intact elbow. [3] [4] [5] Unfortunately, fractures of the radial head are often complicated by soft-tissue injury to the elbow. Davidson, Moseley and Tullos 6 reported variable degrees of valgus instability indicating injury to the medial collateral ligament (MCL) in 22 of 50 consecutive fractures, ten of which were comminuted. Concurrent injury to the MCL may occur when the fracture results from a severe valgus strain on the elbow or when it is associated with dislocation of the joint. 6, 7 There is experimental evidence that in cases of disruption of the MCL, the radial head becomes an important valgus stabiliser since excision of the radial head exaggerates the valgus laxity already present because of insufficiency of the MCL. 4, 8 Prosthetic replacement of the radial head has been recommended to improve stability in cases of simultaneous disruption of the MCL and unreconstructable fracture. 9, 10 Experimental investigations 8, 11 have shown that metal replacement of the radial head reduces the valgus laxity after its excision in the MCL-deficient elbow.
Repair of the ligaments is not usually recommended after simple dislocation of the elbow, but when the bony constraint is reduced because of fracture or excision of the radial head, instability is more complex and such repair may be indicated. 7, 12, 13 There has been no experimental study, however, which has investigated the efficacy of ligament repair when excision of the radial head has been performed in the presence of disruption of the MCL. Since the radial head is merely a valgus constraint secondary to the MCL, repair of the ligament may be better than prosthetic replacement in restoring stability. 4 Previous experimental research has focused on valgus laxity, although it is documented that the MCL also restrains internal rotation at the elbow. 14, 15 The effect that excision of the radial head may have on internal rotatory and other laxities after disruption of the MCL is unknown.
Our aim was first to determine the extent of laxity after excision of the radial head in the MCL-deficient elbow and, secondly, to evaluate the relative efficacy of prosthetic replacement and repair of the MCL isolated or in combina-tion in this setting. In particular, we considered whether excision of the radial head would increase both valgus and internal rotatory laxity and whether repair of the MCL could restore stability in the absence of the radial head.
Materials and Methods
We examined five elbows from five cadavers with a median age of 72 years (56 to 78). One donor was male and one specimen right-sided. The specimens were resected at the mid-humeral and the mid-metacarpal levels shortly after death and kept deep-frozen until testing. After thawing overnight at room temperature, all the soft tissues were removed except the joint capsule, ligaments and the interosseous membrane. None of the specimens had macroscopic pathology.
The humerus was mounted firmly in a metal frame with the axis of ulnohumeral flexion parallel to the floor and the forearm pointing downwards. The forearm was locked in neutral rotation with a Kirschner wire transfixing the distal radio-ulnar joint. A lever arm attached to the ulna was used passively to move the joint through the flexion arc and to apply valgus, varus, internal rotatory, or external rotatory loads to the ulna. Strain gauges built into the arm measured the corresponding external torques generated at the centre of the elbow. The humerus and ulna were connected by a linkage system containing three sequentially coupled rotary potentiometers, measuring displacement about the three axes. The linkage system was designed not to restrain the placement about each axis were continuously logged on a file in a personal computer.
The testing protocol consisted of four repeated tests with application of valgus, varus, internal rotatory, and external rotatory loads, respectively. In each test, the joints were moved passively through three cycles of flexion and extension until approximately 500 datasets had been recorded. Visual control throughout the tests ensured that each load corresponded to a torque of 0.75 Nm at the elbow. This torque has previously been found to be suitable for demonstrating pathological laxity in the elbow. 5, 16 The testing protocol was carried out on the intact joints and after each step in the following sequence: 1) MCL section; 2) MCL repair; 3) MCL re-release and excision of the radial head; 4) MCL repair; 5) MCL re-release and prosthetic replacement of the radial head; and 6) MCL repair with the prosthesis still in situ.
Division of the MCL included both the anterior and posterior bundles and was done at the medial epicondyle corresponding to the usual site of traumatic tear or avulsion ( Fig. 1) . 17 Repair with a No 2 braided suture included only the well-defined anterior bundle. The suture was passed through an oblique drill canal (2 mm in diameter) extending from the point of attachment of the ligament and proximally to the lateral side of the humerus. The ligament was tensioned to 25 N at 90˚ of elbow flexion before the suture was secured to a screw set into the humerus. This arrangement allowed repeated release and repair of the ligament. After each repair, the joint was moved to all extremes of movement and the ligament re-tensioned to 25 N.
The radial head was approached through a longitudinal incision across the annular ligament anterior to the lateral ulnar collateral ligament. The bone was excised just distal to the cartilage at the junction between the radial head and neck. A metal implant of the radial head, available in several combinations of diameter and height, was used to match the excised head as closely as possible (Evolve Wright Medical Technology, Arlington, Tennessee). The head could be combined with uncemented stems of different diameter and that with the tightest fit to the medullary canal was chosen. In one case it was necessary to implant a head with a diameter which was smaller than the natural head in order to achieve a sound repair of the annular ligament (Table I) . After excision of the radial head or prosthetic replacement, the annular ligament was reconstructed with two or three No 1 braided mattress sutures. The effect that incision and repair of the annular ligament had on laxity was investigated before excision of the radial head. The mean laxity was calculated for each 10˚ of joint flexion. Since several joints had a little limitation of movement, only data within the range of 10˚ to 130˚ of flexion were used. Relevant pair-wise comparisons were made between different alterations in joint constraint, using repeatedmeasurements ANOVA, with the lesion and joint flexion as within-subject factors (SPSS 10.0.7; SPSS Inc, Chicago, Illinois). The results were expressed as the mean and SD of the difference in laxity. P values of less than 0.05 were considered to be significant.
Results
Incision of the annular ligament after section of the MCL had no effect on valgus or internal rotatory laxity, but gave a mean increase in varus of 2.3 ± 1.2˚ (p = 0.01) and of external rotatory laxity of 1.0 ± 0.7˚ (p = 0.03). When the annular ligament was repaired neither laxity was different from that observed before division of the annular ligament. Valgus laxity (Fig. 2) . Division of the MCL increased valgus laxity by a mean of 3.9 ± 1.5˚ (p = 0.005). Repair of the ligament corrected the laxity with a mean reduction of 0.1 ± 0.8˚ compared with the intact joints, which was not significant. After re-release of the MCL, excision of the radial head produced a mean increase of valgus laxity of 11.1 ± 7.3˚ compared with the MCL-deficient joint (p = 0.03). When the radial head had been excised and the MCL divided, isolated repair of the MCL reduced valgus laxity to a mean of 0.7 ± 0.6˚ compared with the intact joints (p = 0.05). Isolated replacement of the radial head reduced laxity to a mean of 0.5 ± 2.7˚ greater than that of the MCLdeficient joint with an intact radial head (not significantly different). After combined ligament repair and replacement of the radial head, the mean valgus laxity was -0.8 ± 0.9˚, which is not significantly different from that of the intact joint. Varus laxity (Fig. 3) . Neither division nor repair of the MCL produced a significant change in varus laxity. Rerelease of the MCL and excision of the radial head increased the mean varus laxity by 7.6 ± 3.0˚ (p = 0.005). Isolated repair of the MCL provided some reduction in the mean varus laxity (3.6 ± 2.6˚; p = 0.04), but laxity remained greater when compared with the intact joint (mean 4.0 ± 2.1˚; p = 0.01). Isolated prosthetic replacement of the radial head reduced the varus laxity to a mean increase of 1.9 ± 1.1˚; p = 0.02). Repair of the MCL and prosthetic replacement of the radial head corrected the varus laxity to a mean of 0.5 ± 1.4˚ greater than the intact joint (not significantly different). Internal rotatory laxity (Fig. 4) . Division of the MCL increased internal rotatory laxity by a mean of 5.3 ± 2.0( p = 0.004). Ligament repair corrected the laxity with a nonsignificant mean difference of 0.1 ± 1.5˚ compared with the intact joint, although there was a tendency for the ligament to be too tight in mid-flexion and too loose at the extremes of flexion and extension. After the MCL had been rereleased, excision of the radial head led to an additional internal rotatory laxity of a mean 5.7 ± 3.9˚ (p = 0.03) compared with the MCL-deficient joint. In this situation, iso- lated repair of the MCL corrected internal rotatory laxity to a mean of 0.01 ± 0.1˚ greater than the intact joint, which was not significant. After isolated replacement of the radial head, laxity was reduced by a mean of 2.9 ± 2.4˚ (p = 0.05), but it was still significantly greater than in the MCL-deficient joint with an intact radial head (mean 2.8 ± 2.1˚, p = 0.04). Combined ligament repair and prosthetic replacement corrected laxity to a non-significant difference of mean 0.2 ± 1.4˚ compared with the intact joint. External rotatory laxity (Fig. 5 ). Incision and repair of the MCL did not significantly affect external rotatory laxity. Excision of the radial head after re-release of the MCL increased laxity by a mean of 5.5 ± 2.2˚ (p = 0.005) compared with the intact joint. Solitary repair of the MCL reduced laxity, predominantly between 60˚ and 130˚ of flexion (mean 1.4 ± 0.8˚, p = 0.02), but still considerable laxity remained compared with the intact joint (mean 4.5 ± 2.2˚, p = 0.01). Prosthetic replacement of the radial head restored the mean external rotatory laxity with a non-significant increase of 0.2 ± 1.3˚ compared with the intact joint, as did replacement combined with repair of the MCL (mean 0.1 ± 1.3˚). For all alterations in joint constraint, when there was a significant change in laxity compared with the intact joint, this change was significantly influenced by flexion of the joint.
Discussion
Morrey et al 4 defined the MCL as the primary and the radial head as a secondary constraint to valgus displacement of the elbow, thus division of the MCL increases valgus laxity independent of other constraints, while excision of the radial head does only if the MCL is incompetent. Our study confirms previous observations that the MCL is a primary constraint to valgus displacement as well as internal rotation of the elbow. 4, 14, 15, 18 We found that excision of the radial head increased internal rotatory laxity in addition to valgus laxity after division of the MCL. Since it has previously been shown that isolated excision of the radial head does not affect internal rotatory laxity, 5 our findings demonstrate that the radial head is also a secondary constraint to internal rotation.
Recently, it was shown that isolated excision of the radial head induces varus and external rotatory laxity in the elbow, probably by introducing relative slackness in the lateral collateral ligament complex. 5 This occurred after excision of the radial head in MCL-deficient elbows, but while the increase in external rotatory laxity is of comparable magnitude, the mean varus laxity of 7.6˚ appears to be greater than the 2.4˚ previously demonstrated in otherwise intact joints. 5 Such a difference in varus laxity may be explained by the spontaneous internal rotation of the ulna, which is known to occur after release of the MCL and which may further reduce the tension in the lateral collateral ligament complex and thereby its constraining capacity against a varus load. 4, 15 The clinical consequence of varus and external rotatory laxity in relation to excision of the radial head is unknown, although major external rotatory laxity, seen after disruption of the lateral collateral ligament, may lead to recurrent posterolateral rotatory instability. The prosthesis used in our study compared well with the natural radial head as a secondary constraint to valgus displacement. With metal prostheses of different manufacture, King et al 8 achieved comparable results but other investigators have found prosthetic replacement to be inferior to the normal joint. 11 With several sizes available, the present prosthesis allowed accurate replacement, closely matching the height and diameter of the original, which may have contributed to the favourable result. However, the radial head is not a regular cylindrical structure, 21 and the fact that internal rotatory laxity was not restored to the level before excision of the radial head may be attributed to morphological discrepancies. Prosthetic replacement restored external rotatory laxity, but some varus laxity remained, possibly explained by the previously mentioned spontaneous external rotation of the ulna caused by division of the MCL.
Repair of the MCL before excision of the radial head was performed to test the applicability of the technique since we were unable to find a previous report concerning ligament repair at the elbow. Our results indicate that in the otherwise intact joint, restoration of stability after disruption of the MCL can be expected after repair of the anterior bundle alone. This confirms previous observations that within the MCL, the posterior bundle is merely a secondary constraint to valgus displacement and internal rotation. 14, 15 After excision of the radial head, repair of the MCL restored internal rotatory stability leaving slight valgus laxity restricted to the more extended joint position. This indicates that ligament repair is more important than replacement of the radial head in correction of these laxities. Complete restoration of stability, including varus and external rotation, required that repair of the ligament was combined with prosthetic replacement of the radial head.
Recently, several clinical reports have been published on prosthetic replacement of unreconstructable fractures of the radial head in the presence of gross instability of the elbow. [22] [23] [24] [25] [26] [27] [28] Among those studies, which specifically refer to whether or not prosthetic replacement is combined with repair of a disruption of the MCL, there is no agreement on the need for an additional stabilising procedure. [26] [27] [28] In the case of concurrent MCL, without other injuries interfering with stability, our experimental study suggests that primary repair of the ligament may be effective and may even make prosthetic replacement of the radial head superfluous in the achievement of functional stability. We have been unable to find references to clinical studies in which excision of the radial head is combined exclusively with repair of the MCL, and we suggest that studies be performed to investigate the clinical applicability of our results.
